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EXECUTIVE SUMMARY 
The frequency and severity of flooding from superstorm events are likely to increase worldwide 
due to climate change. A superstorm is defined in this investigation as an extreme rain event with 
a return period equal or higher than 100 years. Damages to property and loss of life can get 
significantly worse if the transportation infrastructure is vulnerable to flooding. Therefore, 
improving the understanding of how the transportation infrastructure is affected by large-scale 
floods is of vital importance, especially when massive evacuations are needed. This study analyzed 
51 future projections of 33 General Climate Models (GCM) obtained in the Coupled Model 
Intercomparison Project Phase 5 (CMIP5) and downscaled with the Localized Analogs (LOCA) 
and Bias-Correction and Constructed Analogs Version 2 (BCCAv2) for representative 
concentration pathways (RCP) 4.5 and 8.5 scenarios. The projections were divided in three future 
periods: near future (2025-2049), mid future (2050-2074), and far future (2075-2099). Future 
projections were bias-corrected using the Daily Bias Correction (DBC) method. The bias-
correction calibration used observed precipitation records between 1950 and 1974 and it was 
validated with historical data from 1975 to 1999. The future intensity-duration-frequency curves 
(IDF) were estimated with the generalized extreme value (GEV) method with yearly maximum 
rainfall depth in 1, 2, 3, 5 and 7 days. Intensities with durations less than one day were estimated 
by applying empirical factors calculated from the existing IDFs. The 1st and 3rd quartiles, median, 
minimum and maximum intensities of the projections were determined for both scenarios and each 
period. Subsequently, a HEC-HMS, HEC-RAS 1D, 2D and a GSSHA models were built for Upper 
San Antonio and Leon Creek watersheds. GSSHA was built with grid cells of 150m. The HEC-
HMS and GSSHA models were calibrated and validated with six observed rainfall events that 
generated the greatest peak flow in the Upper San Antonio watershed in the last 15 years. GSSHA 
floodplain for 100-years storm was compared to Federal Emergency Management Agency 
(FEMA) 100-year floodplain map. HEC-RAS 1D model was used to evaluate the water surface 
elevation on 20 bridges in critical locations. A HEC-RAS 2D model was built with 3m cell size, 
with calculations performed over a terrain with 0.5m resolution. Alternative scenarios with Low 
Impact Development (LID) were evaluated with 5%, 10% and 15% of implemented area. In 
addition, we have analyzed how an increased storage capacity of the Olmos Dam would help to 
mitigate flood from future superstorms. Finally, levees and channel alterations were simulated in 
the Upper San Antonio watershed.  Results show that the 3rd quartile of projected IDF is closest to 
the one originated with observed precipitation. The median and 1st quartiles from GCM sub 
estimated the intensities. The 3rd quartile intensity is likely to increase in the future, especially for 
storms longer than 1 day duration. The near future (2025-2049) under RCP 4.5 scenario presented 
the greatest increase in intensity. HEC-HMS showed that the peak discharge will increase for all 
future periods under both scenarios, for the 100- and 500-years storms in the 3rd quartile. The peaks 
from 1st quartile precipitations were consistently below the ones generated by the historical 100- 
and 500-years storm.  Flood projections for 100- and 500-years with GSSHA and 3rd quartile 
precipitation showed that flooded areas can increase significantly in the near future under RCP 
4.5, especially in the Leon Creek where the increase in flooded roads is estimated to increase more 
than 80%. The increase of flooded area and length of flooded roads was approximately linear, with 
a higher slope in Upper San Antonio where urbanization is more intense. HEC-RAS analysis 
showed that climate change can reduce from 9 to 5 the number of safe bridges subjected to 100-
year storm in the near future in the selected studied location. In addition, all the 20 analyzed bridges 
are likely to be flooded with 500-year on the same scenario and future period. LID scenarios 
simulation suggests that LID implementation to protect the transportation infrastructure was 
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ineffective in mitigating the increase of surface runoff due to climate change. Only one bridge in 
Leon Creek would be reverted to normal condition with 100-year storm with 5% area with LIDS, 
and two bridges if the percentage of LID is 10%. Enhancing the cross-sectional area of the main 
channels was relatively efficient in reducing flood impacts. The number of bridges flooded in the 
near future was the same as current conditions for a 100-year storm when this strategy was tested. 
The projected flooded roads and area was almost as the same level as the predicted with the current 
100-year storm and existing channel cross section. However, the flood damages of the future 500-
year were still significantly higher. Increasing the Olmos Dam capacity reduced its overflow. 
However, it showed no effect in reducing flooding in the area located downstream. Its original 
configuration delays the hydrograph peak supporting flood protection. The runoff from other areas 
is responsible for the maximum flooding occurring in the critical area studied in Upper San 
Antonio. Implementing levees along the San Antonio river provides the highest level of protection 
against flooding. This control scenario was sized to prevent flooding for 100-year storm. This 
configuration reduced the 500-year flooding to approximately the 100-year level. Maps of central-
south and central-north regions of San Antonio exemplify the impacts of climate change in San 
Antonio and how the reliability of existing infrastructure can be compromised. This report 
indicates that climate change is likely to increase flood damages in the transportation infrastructure 
at San Antonio and illustrates the need for an update in the design criteria of hydraulic manuals 
used in the region.  
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1. INTRODUCTION 
Multiple studies indicate that climate change is likely to produce multiple negative economic, 
environmental, and social impacts, as a result in the increase of the frequency and intensity of 
extreme events, such as rain storms and consequently flooding (1–5). Such impacts are exacerbated 
by the growth of urban population and impervious land cover.  Hydrologically, climate change 
accelerates the hydrologic responses of urban watersheds, increasing the generation of stormwater 
runoff volume and peak flows.  Yet, the non-stationary effects of climate change on rainfall 
patterns pose an obstacle to hydrologists in predicting damages from future floods because of the 
uncertainties of climate projections.  
The evidences that climate change is increasing flood damages are strong since many intense storm 
events have been observed in the recent years.  According to (6), the United States has experienced 
16 flood events in the past 10 years that exceeded $1 billion in losses, totalizing adjusted $51.2 
billion in economic damages; these flood events also resulted in 224 deaths.  Besides economic 
losses, floods can affect public health by spreading diseases (7, 8). In 2017, the State of Texas 
registered Hurricane Harvey as a 1,000-year storm event. Tropical storm Harvey broke all the 
rainfall records for the U.S. (more than 50 inches) and produced unprecedented flooding in Eastern 
Texas, with a total damage estimation of $160 billion and at least 60 deaths. In 2016, the region 
around Baton Rouge, Louisiana, flooded as a consequence of a 500-year storm (9). As a result of 
this storm, the City of Baton Rouge received approximately 25.5 inches of rainfall from August 
12-14, 2016, which caused unprecedented flooding, damaged around 60,000 houses, and killed at 
least 13 people. In 2012, the Superstorm Sandy is believed to represent a storm with a return period 
between 150 to 1,000 years (10).  Sandy impacted more than 570,000 houses in the East Coast of 
the U.S., caused more than $75 billion in damages and resulted in at least 233 fatalities. Figure 1 
show the exponential growth of adjusted costs from 1969 to 2019 that resulted from superstorms 
in the United States.  
 
Figure 1. Cost of hurricanes in the United States since 1965. 
Understanding how superstorms impact transportation infrastructure and communities, and how 
to better predict the future effects of climate change is of the utmost importance for society. Most 
critical infrastructure built in urban areas, including that for transportation and flood protection are 
designed to handle a design storm with a 1% probability of occurrence in one year or 100-year 
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2 
return period. Moreover, the impacts of storm events and the design of flood protection structures 
are typically assessed using hydrologic and hydraulic simulation models.  Many of these models 
are one-dimensional simplifications of complex drainage and riverine networks that simulate flow 
in these systems under steady flow conditions. In recent years, due to the increase of computing 
capacity, the use of 2 dimensional models (2D) has become more accessible. For instance, the U.S. 
Army Corps of Engineers released a new version of the software HEC-RAS which now 
incorporated 2D modeling capabilities and the Hydraulics Laboratory of the US Army Engineering 
Research and Development Center released the model Gridded Surface Subsurface Hydrologic 
Analysis.  
   
 
3 
2. OBJECTIVES 
The main goal of this project is to develop and apply a computational framework capable of 
predicting the impacts of super storms in the transportation infrastructure and evaluating flood 
protection strategies that alleviate some of the impacts in highly populated urban areas. Four 
objectives are proposed: 
• Objective 1: the first objective is to assess the impacts of super storms flooding in the 
transportation infrastructure. A suite of hydrologic and hydraulic simulation models were 
tested and used to evaluate flood impacts with a focus to the main transportation 
infrastructure, such as highways and bridges.  
• Objective 2: the second objective is to explore alternative flood protection structures that 
can minimize damages and maximize the resilience of transportation systems in large 
metropolitan areas.  The models were updated and flood control structures, such as levees, 
dams and alternative land cover were tested.  
• Objective 3: the third objective is to train city and transportation officials and watershed 
managers to better delineate floodplain mapping of super storms and incorporate potential 
climate change impacts in future city planning.  
• Objective 4: the last objective of this project is to enhance the public awareness of about 
the impacts of super storms in the built environment, with an emphasis in the main 
transportation infrastructure.  
The current report presents the results obtained by the technical components, represented by 
Objectives 1 and 2. 
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3. LITERATURE REVIEW 
Future climate predictions have many uncertainties, posing a major challenge for the development 
of strategies to mitigate storm impacts (12, 13). The study published by (14) compared the 
performance of the GCMs included in the Coupled Model Intercomparison Project Phase 5 
(CMIP5). The study included 27 indices to evaluate the models which compromise temperature, 
rainfall, droughts and others. We have summarized their results for six indices which can directly 
influence the uncertainty of predicting future flood events: (1) Maximum precipitation depth in 
one day, (2) maximum precipitation depth in five consecutive days, (3) the 95th and (4) the 99th 
percentiles of the greatest rainfall events, (5) the number of days with rainfall above 10mm, and 
(6) 20mm. The performance of 33 GCM for these six indices are shown in Figure 2 as root square 
mean error (RSME) between the models and four reanalysis datasets.  
Intensity-duration frequency (IDF) curves are commonly used to estimate the frequency of 
damages caused by intense precipitations. The uncertainties in Figure 2 varies widely between the 
models, which directly influences the IDF parameters. This figure also shows that indexes related 
to more intense events are more uncertain. For instance, the prediction of the number of days with 
precipitation over 10mm was usually more precise. (15) used a Bayesian approach including 26 
General Climate Model (GCM) contained in CMPI5 and found that the uncertainties of IDF 
parameters are more significant than those from the GCM. (16) discussed the types of uncertainties 
related to climate change and water resources with possible ways to diminish them. If the 
uncertainties are irreducible, there are two ways to manage them. The first is by precaution, which 
considers the worst scenario for the mitigation plans. The second is by the multi-model 
probabilistic approach, which may present different solutions based on the results presented by 
various global models. Because of high uncertainties of climate change models, it is advisable to 
include an array of future projections from different GCMs, as each may lead to alternative results.  
GCM projections generate future precipitation series based on greenhouse gases emission 
scenario. These series are used to estimate future IDFs with the same methodology that is applied 
to historical records. The most common method is to find the yearly maximum intensities, adjust 
the values into a distribution function and then extrapolate them according to the probability. (17) 
used a combination of 50 GCM and Regional Climate Model (RCM) to generate future IDF for 
New York State. They found that the median increase of rainfall intensity is between 20 and 30% 
for RCP 8.5 scenario. (18) used 24 GCMs on their study and found that the frequency of extreme 
rainfalls is decreasing in central-south region of India. (19) found that the increase in 10-years 
storms is evident in southern Ontario under RCP 8.5. (20) used 9 GCMs to generate IDFs and 
found that all the projections presented an increase in intensity for all return periods in Thailand. 
(21) created IDFs with 3 GCMs for north of Vietnam, their results show a significant increase in 
rainfall intensity. (22) used 5 GCMs to analyze the changes in IDFs in Barcelona (Spain) and 
observed an increasing trend in rainfall intensity. 
The literature suggests that an increase in rainfall intensity with direct impact on engineer 
structures is likely and expected worldwide. (23) modeled the impacts of climate change in Boston 
and found that the delay in trips caused by floods is likely to almost double between 2003 and 
2025. (24) found that climate change will increase the frequency and extent of flooded roads in 
Oregon, which is estimated to cause up to 10% increase in travel delay. (25) investigated how 
extreme events effects transportation through data acquired from transit agencies. The authors 
found that, in most cases, the agencies take reactive measures, like sending alerts to avoid areas 
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with high risk of flooding. Just a few of them take a proactive approach to mitigate floods, and the 
reason is the lack of funding. Changes in policy making is required to prevent major impacts on 
transportation infrastructure as a result of climate changes.  
These studies show that climate change projections present high related uncertainties and require 
proper methodology to maximize the efficiency of management actions. There is a voluminous 
number of studies involving the impacts of climate change. Few, however, address these impacts 
on transportation infrastructure. This report can guide decision makers to better manage of 
transportation infrastructure in the future of San Antonio as well as enhance scientific knowledge 
of climate change impacts in urban area on the built environment.  
 
Figure 2. Performance of the General Climate Models measured as RSME, participating in the Coupled Model 
Intercomparison Project Phase 5 (CMIP5) on extreme precipitation indices. Based on (14). 
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4. METHODOLOGY 
4.1. Case Study 
The case study is the City of San Antonio, TX, which lays within the flood prone region of Texas 
referred to as the Flash Flood Alley. This region is particularly vulnerable to super storms because: 
1) it is experiencing one the fastest population growth rates in the U.S. (the population in 2016 
was 1.6 million inhabitants and projected to reach 2.5 million residents in 2050 (26); and 2) it is 
partially located in the Balcones Escarpment, which is characterized by a geomorphology with 
rugged natural drainage and intense rainfall events. The Flash Flood Alley constitute one of the 
most flood prone areas of the North American continent. Previous research conducted at UTSA 
shows that Bexar County leads the country in flood related deaths (27).   
San Antonio has a warm climate with an average temperature of 20.5oC. The city has an annual 
average of 680mm of precipitation. Its climate is classified as humid subtropical Cfa according to 
Koppen. Examples of Superstorms with 100 and 500 years of return period calculated by NOAA’s 
Atlas 14 (28) and USGS (29) (30) are shown in Figure 3. IDFs for Superstorms in San Antonio. 
The intensities calculated by two agencies differ. The intensity shows better agreement for shorter 
duration. The difference between the curves is highlighted with duration over 1 day. This figure 
shows how IDFs can also aggregate error to future estimations discussed in Section 3. 
 
Figure 3. IDFs for superstorms in San Antonio. 
Two watersheds within the City of San Antonio were selected: the Upper San Antonio and Leon 
Creek watersheds, located in the central and west portions of the City (Figure 4). The drainage 
area of Leon Creek and Upper San Antonio watersheds are 336.9 and 133.02 mi², respectively.  
These two watersheds were selected because of two significant differences. First, while Leon 
Creek watershed is fairly unprotected against large storm events, the Upper San Antonio watershed 
is heavily regulated and contains one of the most developed flood control systems in urban areas 
in the U.S. The Upper San Antonio flood control system includes the Olmos Dam and reservoir 
that was designed to regulated two consecutive 100-year 24 hours design storms, and two 
underground tunnels that divert water from the San Antonio River and San Pedro Creek bypassing 
the downtown area of the city.  
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Figure 4. Location of Leon and Upper San Antonio. 
The Olmos Dam was built in 1925-1927 at a cost of $1.5 million. This structure has a storage 
capacity of approximately 19,000,000 m3 at its crest elevation of 207 m above sea level. The crest 
height is 16.5 m from the Olmos Creek bottom. The spillway has 351 m of length. The dam 
contains six gates. The dam’s outflow varies little if only dependent on the gates, as Figure 4 
shows. This figure also shows that its outflow only increases significantly if the water elevation 
surpasses 207 m (crest elevation).  
 
Figure 5. Olmos Dam discharge and elevation in function to storage. 
The tunnels are located below the San Pedro Creek and San Antonio River (details in Figure 6). 
The tunnels have 24 ft of diameter. San Pedro Creek and San Antonio River tunnels are located 43 
and 46 m on average below surface and are 1,824 and 4,945 m long, respectively. The San Pedro 
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Creek tunnel is able to divert almost all inflow below 100 m3/s, while the San Antonio river tunnel 
diverts up to 180 m3/s (Figure 7). Besides the greater capacity of the tunnel in San Antonio River 
up to 180 m3/s when compared to the San Pedro’s, the excess of runoff above this value tend to 
flow almost entirely on the surface. 
 
Figure 6. Tunnels in Upper San Antonio (57). 
 
Figure 7. Bypass functions of the San Pedro and San Antonio tunnels. 
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4.2. Data Acquisition and Preparation 
4.2.1. Precipitation and Flow 
Flow data was acquired from USGS website for both Leon Creek and Upper San Antonio 
watersheds (USGS ID 08181480 and 08178565, respectively). The flow gauges and the watershed 
delineation can be observed in Figure 8. These are the closest flow gauges to the watersheds outlet. 
The six greatest observed runoff peaks over the last 15 years were selected to calibrate and validate 
the models. These were selected by subtracting the river base flow by the observed peak. The 
events 1, 2, and 3 were used for calibration and 4, 5, and 6 for validation. The most intense events 
were set for calibration to adjust better the models for the most extreme rainfalls.   
Table 1. Rain events selected for calibration and validation. 
 Upper San Antonio      
Event Date Total Depth (in) 
Duration 
(hr) 
Maximum Intensity 
(in/hr) 
Peak - Base Flow 
(cfs) 
1 5/25/2013 9.42 26 2.06 81,300 
2 8/16/2007 5.17 12 1.71 63,132 
3 9/26/2016 5.62 22 1.6 53,288 
4 5/23/2015 3.23 24 0.83 45,968 
5 6/2/2016 3.04 24 0.84 42,903 
6 12/3/2016 3.79 32 0.78 29,617 
 Leon Creek     
Event Date Total Depth (in) 
Duration 
(hr) 
Maximum Intensity 
(in/hr) 
Peak - Base Flow 
(cfs) 
1 5/25/2013 9.42 26 2.06 49,970 
2 4/17/2010 4.71 21 1.86 16,264 
3 10/30/2015 4.14 11 1.75 10,875 
4 9/9/2018 1.6 5 1.38 10,207 
5 9/8/2010 3.31 29 0.65 7,759 
6 9/4/2018 5.47 28 1.08 6,297 
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Figure 8. Leon Creek and Upper San Antonio watersheds. 
Radar precipitation data was used for calibrating and validating the models. Level 4 radar 
precipitation data was used due to Multisensor Precipitation Estimation (MPE) adjustment. Radar 
data is available at Earth Observing Laboratoy’s website (31) as Z file with 4 km spatial and 1 
hour time resolution. The NOAA's Weather and Climate Toolkit (WCT) version 4.3.1 software 
was used to select the region of interest and convert the data to ASCII format (58). The data covers 
the selected events plus seven prior days to warm the models up. 
4.2.2. Geographic Information Systems (GIS) 
The National Elevation Dataset (NED) of 10 m resolution was used to delineate the watershed and 
sub-basins, calculate the time of concentration, estimate the elevation-storage curve for Olmos 
Dam, generate the elevation grids for GSSHA model and estimate channels cross-sections. LiDAR 
(Light Detection and Ranging) with high 50 cm resolution data was obtained from the database of 
the San Antonio River Authority (SARA). This databased totals 3.0 Terabytes of information. 
LiDAR was used to support the estimation parameters for channels cross-section values.  
The SSURGO (Soil Survey Geographic Database) soil map for San Antonio was used in the 
models. The landuse map (.tif file) was downloaded from City of San Antonio website (32) and 
converted to gridded map of 30 m resolution. Channels and street delineation shapefiles were also 
obtained from the City’s website. The visualization of the flood maps was displayed upon World 
Street maps.  
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QGIS v 3.4.4 and Water Modeling System (WMS) v10.1 were the software used to manage and 
process GIS data. WMS was used to prepare the data for the hydrological modelling and QGIS to 
compute flood extension in area and length of flooded streets. The 10m resolution DEM, soil type 
and World Street map were directly downloaded through WMS interface. 
4.2.3. Climate Change Data 
Intensity-duration curves were generated for 4.5 and 8.5 RCPs. Rainfall projections from 32 
different General Climate Models (GCM) were used here. The Bias-Correction and Constructed 
Analogs version 2 (BCCAv2) and the Localized Analogs (LOCA) downscaling methods were 
included. All GCMs were downscaled with LOCA and 19 with BCCAv2, totaling 51 different 
projection for both RCPs. The list of all GCMs is shown in Table 2. These climate change scenarios 
were obtained from the World Climate Research Programme’s (WCRP’s) Coupled Model 
Intercomparison Project Phase 5 (CMIP5) (33). 
The rainfall data was acquired from 1950 to 1999 (historical) and from 2025 to 2099 (future). 
Future projections were analyzed for near (2025-2059), medium (2050-2074), and far futures 
(2075-2099). The historical was used to compare the models to the observed rainfall data of that 
same period (Station ID: GHCND:USW00012921). 
An additional bias correction was performed with the Daily Bias Correction (DBC) method. This 
hybrid method combines the Local Intensity (LOCI) (34) and Daily Translation (DT) (35) bias 
corrections. The LOCI method corrects the frequency of rainfall by setting a threshold so that the 
number of wet days is equal between observed and projected series. For an observed precipitation 
series with n wet days, the threshold is the nth highest depth modeled and all depths below it is 
considered a noise in the climate model. Then, this method corrects the precipitation depths based 
on the average of observed daily precipitation and the projected series that are above the threshold. 
The DT adjusts the rainfall depths by finding the ratio of each percentile between observed and 
projected series. However, we have aim to identify the most extreme events and the factor to each 
percentile was encompassing many wet days. Therefore, a factor for each per thousand was 
determined in this bias-correction (Equation 1).  The threshold and the percentile ratios were found 
with rainfall between 1950 and 1974. These same parameters were applied to correct the bias of 
1975-1999 data for validation. So, 25 years were used to calibrate and validate this method, which 
is the same duration as the future time series.  
𝑓𝑓𝑖𝑖 = 𝐷𝐷𝐷𝐷𝑖𝑖𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 [1] 
where f is the correction factor, Do (mm) is the observed daily depth Dgcm (mm) is the daily depth 
from the climate model after the LOCI correction and i is the correspondent per thousand (1 to 
1000). 
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Table 2. GCMs and corresponding downscaling methods. 
GCM LOCA BCCAv2 
ACCESS1-0.1 X X 
ACCESS1-3.1 X  
BCC-CSM1-1.1 X X 
BCC-CSM1-1-M.1 X  
CANESM2.1 X  
CCSM4.6 X  
CESM1-BGC.1 X X 
CESM1-CAM5.1 X  
CMCC-CM.1 X  
CMCC-CMS.1 X  
CNRM-CM5.1 X X 
CSIRO-MK3-6-0.1 X  
EC-EARTH.2 X  
FGOALS-G2.1 X  
GFDL-CM3.1 X  
GFDL-ESM2G.1 X X 
GFDL-ESM2M.1 X X 
GISS-E2-H.2 X  
GISS-E2-R.2 X  
HADGEM2-AO.1 X  
HADGEM2-CC.1 X  
HADGEM2-ES.1 X  
INMCM4.1 X X 
IPSL-CM5A-LR.1 X  
IPSL-CM5A-MR.1 X X 
MIROC5.1 X  
MIROC-ESM.1 X X 
MIROC-ESM-CHEM.1 X X 
MPI-ESM-LR.1 X  
MPI-ESM-MR.1 X X 
MRI-CGCM3.1 X X 
NORESM1-M.1 X X 
Total 32 19 
4.3. Future IDF Generation 
The maximum rainfall depth in 1, 2, 3, 5 and 7 days for each of the 25 years within the 1975-1999 
and the three future periods were calculated after the bias correction. Subsequently, the 
Generalized Extreme Value (GEV) method was used to estimate the rainfall depth for 2, 5, 10, 25, 
50, 100 and 500 years of return period. This distribution was used to compare the IDF previously 
generated in Texas (29, 30). The GEV quantile can be calculated with Equation 2: 
𝑄𝑄 = ξ + 𝛼𝛼
𝜅𝜅
{1 − [−ln (𝐹𝐹)]𝜅𝜅} [2] 
where Q is the quantile, ξ is the location α is the scale, κ is the shape, and F is the yearly non-
exceedance probability. The parameters ξ, α and κ can be estimated with L-moments (36). Sub-
daily extremes for durations of 1, 6 and 12 hours were estimated using empirical factors (37). (17) 
also applied these factors to find future IDFs in the state of New York. The IDF estimated for all 
projections were summarized by the first and third quartiles, the median, and the minimum and 
maximum intensity values.  The precision of the projections was verified with relative error to the 
observed, by developing boxplot with maximum, minimum, first, second and third quartile from 
all GCMs with both downscaling methods.  
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4.4. Models Development and Simulation 
Three hydrologic model frameworks were developed in this investigation: 1) GSSHA, 2) HEC-
HMS+HEC-RAS 1D, and 3) HEC-HMS+HEC-RAS 2D. The HEC-HMS and HEC-RAS models 
were obtained from SARA website. SARA’s HEC-HMS was tested and after verifying that it 
overpredicts peaks of those 6 selected events, and a new one model was developed. The HEC-
RAS 1D model from SARA was used here without significant alterations.  
4.4.1. Gridded Surface Subsurface Hydrologic Analysis (GSSHA) 
The Gridded Surface Subsurface Hydrologic Analysis (GSSHA) model was developed by the 
Watershed Systems Group within the Coastal and Hydraulics Laboratory of the US Army 
Engineering Research and Development Center (ERDC) (11). GSHAA is a fully distributed 
physically-based hydrologic model that represents watersheds using a structure grid and defined 
hydro-meteorological inputs (11). GSHAA is a reformulation of the two-dimensional model 
CASC2D (11), which failed to reproduce reliable results in saturation excess runoff condition, 
when groundwater plays a relevant influence in the generation of surface runoff. GSSHA 
represents precipitation distribution, snowfall accumulation and melting, precipitation 
interception, overland water retention, infiltration, overland flow routing, evapotranspiration, soil 
moisture in the vadose zone, lateral groundwater flow, stream/groundwater interaction and 
exfiltration. The model utilizes mass-conserving solutions of partial differential equations to solve 
many of the dynamic processes. GSSHA has been applied to several studies to analyze hydrologic 
and sedimentation processes, planning and design of flood control structures, land-use change, 
environmental restoration, best management practices, and climate change. GSSHA has been 
recently certified by Federal Emergency Management Agency (FEMA) to be used in National 
Flood Insurance Program studies as a hydrologic model. 
The GSSHA model is built following a series of steps inside the WMS software. First, GSSHA 
computes flow paths using the algorithm Topographic Parameterization Program (TOPAZ) (38). 
The input for TOPAZ includes a DEM obtained from the National Elevation Dataset with 
resolution of 10 m. The algorithm fills depressions, and generates flow direction and flow 
accumulation layers in order to obtain stream segments. The streams had to be adjusted to their 
actual location in the watershed, which were redrawn based on San Antonio’s channels shapefile. 
Then the arcs were smoothed using simple interpolation between the vertices.  The channel bottom 
width, depth and side slope of each arc was set. Manning’s roughness values were estimated by 
observing satellite images of the channel’s surfaces. Finally, the elevation of each arc was set based 
on the digital elevation model. Satellite image was used to identify culverts weir and reservoir in 
each watershed. The Upper San Antonio watershed contains the Olmos Dam reservoir, which was 
represented as an embankment with culverts in GSSHA. 
After the streams and subwatersheds were delineated, the resolution of the model was reduced 
from 10 to 150m. The resolution was reduced to decrease computational efforts, as GSSHA model 
with a grid of 10 m would require significant computational run time. The 150m resolution grid 
was interpolated to the river arcs to incorporate their depth to the grid. During the interpolation 
process, Dam grid cells, which have lower elevation than its neighbors, are generated and need to 
be removed. In TOPAZ, these are excluded by using a smoothing function before executing the 
model.   
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Grids for land use (LU) and soil type were computed, shown in Figures 9 and 10 for Leon Creek 
and Upper San Antonio watersheds, respectively. The map color representation and the percentage 
of each soil and LU characteristics are presented in Tables 3 and 4. LU indicates the characteristics 
of imperviousness and roughness of each grid, while soil type defines the infiltration parameters. 
It can be observed that that Upper San Antonio watershed is almost fully urbanized, while Leon 
Creek has a significant green area percentage of its watershed on the north west. Leon Creek has 
a higher percentage of bedrock formation than the Upper San Antonio watershed. The bedrock 
formation matches with the Edwards Trinity aquifer system area.  Land use and soil type 
information was used to parameterize the Green and Ampt infiltration method (39) with moisture 
redistribution used in GSSHA.  
Table 3. Soil type percentages for Leon and Upper San Antonio watersheds. 
Soil Leon Creek (%) Upper San Antonio (%) 
Loam 0.8 0.7 
Silty clay 19.3 28.2 
Sandy clay 0.04 0.3 
Variable 1.1 0.7 
Clay 20.4 41.0 
Very gravelly loam 0.3 1.6 
Clay loam 8.6 8.3 
Bedrock 41.1 17.3 
Gravelly clay loam 7.9 1.9 
Fine sandy loam 0.6 0.6 
Table 4. Land use percentages for Leon and Upper San Antonio watersheds. 
Land Use Leon Creek (%) Upper San Antonio (%) 
Barren Land (Rock/Sand/Clay) 0.00 0.7 
Cultivated Crops 3.3 0.3 
Deciduous Forest 5.0 1.3 
Developed, High Intensity 9.4 15.1 
Developed, Low Intensity 11.6 30.2 
Developed, Medium Intensity 10.6 21.6 
Developed, Open Space 15.3 22.9 
Evergreen Forest 22.3 2.6 
Grassland/Herbaceous 5.1 0.7 
Mixed Forest 9.0 0.7 
Open Water 0.5 0.5 
Pasture/Hay 1.0 1.3 
Shrub/Scrub 10.0 3.3 
Woody Wetlands 1.3 0.04 
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Figure 9. Land use (right) and soil type (left) grids for Leon Creek. 
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Figure 10. Land use (right) and soil (left) grids for Upper San Antonio. 
An embankment was created to represent the Olmos Dam in Upper San Antonio. It was drawn in 
the correspondent location of the dam with the correspondent location as described in Subsection 
4.1. Two culverts with 3.5m and 6m in width and height were inserted to represent two open gates, 
as it normally occurs.  
The representation of the tunnels was done using initial boundary conditions at their inlet and 
outlet. In this case, the overflow was represented using the diverted and non-diverted flow modeled 
with HEC-HMS (described in Subsection 4.4.2.). The flow between the tunnel inlet and outlet was 
correspondent the non-diverted flow into the tunnels. The diverted flow modeled with the HEC-
HMS was added at the grid where the outlet is located. This methodology represents a loss of 
runoff at the inlet, which is added latter at the grid correspondent to the outlet. 
4.4.2. HEC-HMS + HEC-RAS 1D 
The Hydrologic Modeling System (HMS) and River Analysis System (RAS) are, respectively, 
hydrologic and hydraulic computer applications developed by the Hydrologic Engineering Center 
(HEC) of the U.S. Corps of Engineers (USACE). HMS is a watershed rainfall-runoff tool that has 
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precipitation time series at different watershed locations and watershed physical characteristics as 
input, and estimates flows at a number of different locations in the system. It uses a semi-
distributed approach in which the watershed is subdivided into a number of elements (i.e., sub-
basins, reaches, junctions, sources, sinks, reservoirs and diversions) dendritically connected, with 
the exception of the case of the diversions. For the sub-basins, HMS includes a number of runoff 
depth estimation models to choose from, including the Curve Number method, Green and Ampt 
method, and initial plus constant rate, among others. Estimated runoff depths are then routed to 
the sub-basins’ outlets using a unit hydrograph approach for which there are also a number of 
options to choose from, including the Soil Conservation Service’s (SCS), and Clark’s, among 
others. Calculated flows at the sub-basins’ outlets are then routed through a stream network. Again, 
a number of routing options are available, including the Muskingum’s and level pool routing, 
among others. Hydrographs are calculated at the upstream and downstream points of each element.  
The HEC-RAS 1D is a flow-stage tool that has flows and the physical characteristics of the reach 
as input, and estimates the water depth at different reach cross sections. When combined with 
Geographic Information System (GIS) software and detailed terrain data, RAS is able to generate 
floodplain maps. RAS uses a semi-distributed approach in which the reach is subdivided into 
segments, defined by cross-sections, composed of a middle main channel and bound by a 
floodplain on each side. RAS can also include a number of different infrastructure features that 
affect the flow such as bridges and culverts. RAS supports steady and unsteady one-dimensional 
flow (i.e., along the reach axis). In steady flow, time-invariant flow values at different locations 
are used; in unsteady flow, instead of entering a time-invariant flow value, a hydrograph is used. 
The unsteady option is of particular use when the travel time in the reach is significantly longer 
than the timeframe in which the flows vary.  
A new HEC-HMS model was built for both watersheds. The HEC-HMS models for the Leon 
Creek (236 mi²) contains 98 sub-basins and 97 reaches.  The HEC-HMS model for the Upper San 
Antonio River watersheds (134 mi²) was divided into 40 sub-basins, 40 reaches, and 1 reservoir.  
See Figure 4 for sub-basin boundaries of the Leon Creek and Upper San Antonio watersheds. The 
models uses the Green and Ampt infiltration model and the SCS Unit Hydrograph for the 
transformation of rainfall excess into runoff. The river routing is computed using the Muskingun-
Cunge model. The parameters estimation for Green and Ampt and impervious area were computed 
using the weighted average based on the area of land use and soil types.  
The Olmos Dam was modeled using a elevation-storage function and a storage-discharge function 
for its outlet (Figure 5). The San Pedro and San Antonio tunnels were modeled with inflow-
diversion functions (Figure 7). Therefore, the discharge diverted in the tunnels is function of the 
stream flow at the inlet. The Olmos Dam and the tunnels functions were downloaded from SARA’s 
website (57). 
The HEC-RAS 1D model was also downloaded from SARA’s website. This model was used in 
critical areas in terms of transportation infrastructure with higher flooded area identified with 
GSSHA model. The location of HEC-RAS 1D analysis for Leon Creek and Upper San Antonio 
watersheds are represented in Figures 11 and 12. For the Leon Creek, the HEC-RAS 1D models 
contained 286 cross sections, three lateral structures, two culverts and nine bridges. The Upper 
San Antonio river was modeled using HEC-RAS containing two inline structures, two culverts, 
185 cross sections and 20 bridges. The HEC-RAS upstream initial boundary condition flows was 
obtained from the HEC-HMS output. The downstream boundary condition was set to be normal 
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depth. The Upper San Antonio contains two upstream boundary condition, one for San Antonio 
River and another for San Pedro Creek. In addition, a lateral inflow from Apache Creek into San 
Pedro Creek was also included. Unsteady flow simulations were run with 10 s-time step and a 15 
min time resolution of the input flow. 
 
Figure 11. Area and bridges of HEC-RAS analysis in the Leon Creek. 
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Figure 12. Area and bridges of HEC-RAS analysis in Upper San Antonio river and the tributary San Pedro Creek. 
The name of all analyzed bridges is shown in Table 5. For each bridge, the difference between the 
water surface elevation and the elevation of bridge deck was calculated to assess the flood depth. 
Bridges that crosses over the San Antonio river and San Pedro creek were included in the analysis. 
In this watershed, the Inter-State 10 (I-10) and the Highway U.S. 87 were not included in the 
analysis, as the water elevation did not reach them even in the worst-case scenario.  
Table 5. Analyzed bridges located in the San Antonio, San Pedro and Leon Creek. 
Leon Creek  San Antonio River  San Pedro Creek  
Bridge Name Code Bridge Name Code Bridge Name Code 
SW Military Drive LC1 S.P. Co. Railroad SA1 Furnish Street SP1 
Quintana LC2 Lone Star Boulevard SA2 Nogalitos Street SP2 
New Laredo Highway LC3 MKT & So. Pacific Railroad SA3 South Flores Street SP3 
IH 35 S Access Road LC4 Steves Avenue SA4 West Mitchell Street SP4 
IH 35 S LC5 E. Mitchell Street SA5 Probandt Street SP5 
IH 35 S Access Road 2 LC6 E. Theo Avenue SA6   
Somerset Road LC7     
SW Loop 410 LC8     
State Highway 16 LC9     
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4.4.3. HEC-RAS 2D 
Some scenarios simulated with HEC-RAS 1D extrapolated the cross section limits, which reduces 
the precision of the floodplain estimation. HEC-RAS also supports unsteady 2D dimensional flow 
in which the terrain is represented by a grid of cells from which and to which the water flows.  
HEC-RAS 2D simulations were carried out to estimate the extent of flooded area in the locations 
showed the section 4.4.2. The input to a HEC-RAS 2D can be of two types: (1) hydrographs at the 
reach and tributary headwaters; and (2) precipitation hyetographs at the different elements of the 
terrain grid. This study used HEC-RAS 2D as a routing model, similarly to the HEC-RAS 1D. In 
the former case, HEC-RAS routes the flow and estimates water depths, supporting the case of 
overflow of the main channel. In the latter case, HEC-RAS estimates runoff depths and routes 
them across the landscape within and outside the main channel.  
The 0.5 m resolution lidar DEM was used to represent the terrain in HEC-RAS 2D. Than, 3 m 
grids were created for the simulation base of the model, as recommended by FEMA (10 ft 
maximum grid).  The same land use file (.tif) used for GSSHA model was inserted in the HEC-
RAS 2D for setting the roughness along the area. In addition, left and right river embankments 
were drawn to designate a separate roughness within its limits. The simulations were performed 
with 1 second time step. The same boundary conditions used in the 1D model were applied to the 
2D model.  
4.5. Model Assessment and Simulations 
The developed models were assessed via calibration and validation steps. The calibration was 
performed manually with the three most intense events and the validation with the other three 
intense storm events (see Table 1). The calibration was performed to minimize the difference 
between observed and simulated peak flows. The performance of the model was evaluated with 
the difference in peaks and in volume, NSE (Equation 3) and R2. The initial parameters related to 
land use and soil are shown in Tables 6 and 7. The floodplains generated with GSSHA above 0.1m 
depth with 100-years storm were compare to Federal Emergency Management Agency (FEMA) 
predictions for the same frequency (57). The flooded area and flooded roads were calculated for 
depths above 0.3m, which can float many common vehicles according to FEMA.  
𝑁𝑁𝑁𝑁𝑁𝑁 = 1 − ∑ (𝑄𝑄𝑚𝑚𝑡𝑡 −𝑄𝑄𝑜𝑜𝑡𝑡)2𝑇𝑇𝑡𝑡=1
∑ (𝑄𝑄𝑜𝑜𝑡𝑡−𝑄𝑄𝑜𝑜𝐴𝐴)2𝑇𝑇𝑡𝑡=1  [3] 
where 𝑄𝑄𝐷𝐷𝑡𝑡 is the modeled flow in time t, 𝑄𝑄𝐷𝐷𝑡𝑡  is the observed flow in time t, 𝑄𝑄𝐷𝐷𝐴𝐴 is the average of 
observed flow and T is the total simulated period. 
The land use initial parameters was based on (40), shown in Table 6. The soil parameters for 
infiltration was based on (41) and is shown in Table 7. The hydraulic conductivity, suction head 
and porosity for limestone (bedrock) were based on (42–44), respectively.  
After calibration and validation, a series of simulation runs were performed using design storms. 
The SCS type III of rainfall distribution was applied to the rainfall depth of different IDF curves, 
for both existing IDF used by USGS (29, 30) and the future IDFs. The 24 hours storm duration 
was chosen because of the time of concentration of the watersheds that are in the same order of 
magnitude and because many hydraulic structures are designed to handle 24 hours long storm 
events.  
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Table 6. Initial land use parameters. 
Land Use Type Roughness (s/m1/3) Impervious Area (%) 
Water 0.045 99.99 
Developed, Open Space 0.3 20 
Developed, Low Intensity 0.07 45 
Developed, Medium Intensity 0.013 75 
Developed, High Intensity 0.011 90 
Barren land 0.4 0 
Deciduous forest 0.492 0 
Evergreen Forest 0.492 0 
Mixed Forest 0.492 0 
Shrub/Scrub 0.48 0 
Grassland/Herbaceous 0.45 0 
Pasture/Hay 0.45 0 
Cultivated Crops 0.45 0 
Woody Wetlands 0.45 0 
Herbaceous wetlands 0.45 0 
Table 7. Initial soil parameters. 
Soil 
Hydraulic 
Conductivit
y (cm/hr) 
Suction 
Head 
(cm) 
Total 
Porosity 
(cm3/cm3) 
Effective 
Porosity 
(cm3/cm3) 
Residual 
Saturation 
(cm3/cm3) 
Field 
Capacity 
Saturation 
(cm3/cm3) 
Wilting 
Point 
Saturation   
(cm3/cm3) 
Bedrock 0.02 1.00 0.06 0.05 0.01 0.01 0.006 
Clay 0.03 31.63 0.48 0.39 0.09 0.40 0.27 
Clay loam 0.10 20.88 0.46 0.39 0.08 0.32 0.20 
Fine sandy loam 1.09 11.01 0.45 0.41 0.04 0.21 0.10 
Gravelly clay loam 0.10 20.88 0.46 0.39 0.08 0.32 0.20 
Loam 0.66 8.89 0.46 0.43 0.03 0.27 0.12 
Sandy clay 0.06 23.90 0.43 0.32 0.11 0.34 0.24 
Silty clay 0.05 29.22 0.48 0.42 0.06 0.39 0.25 
Variable 0.31 17.37 0.42 0.36 0.06 0.28 0.17 
Very gravelly loam 0.66 8.89 0.46 0.43 0.03 0.27 0.12 
 
4.6. Low Impact Development Scenarios 
An alternative strategy to mitigate the impacts of urbanization is the use of stormwater Green 
Infrastructure, such as Low Impact Development (LID), which are decentralized strategies that 
control runoff by better mimicking pre-development or natural hydrologic processes (45, 46). LID 
strategies include structural Best Management Practices (BMPs), such as, bioretentions (also 
known as rain gardens), sand filters, permeable pavement, green roofs, rainwater harvesting, 
bioswales, infiltration trenches, retention basins, extended detention basins, grassy swales, 
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vegetative filter strips, and constructed wetlands. LIDs better mimic natural flow regime by 
restoring infiltration and retaining water for longer durations on the site it is generated from. 
Besides the benefits of restoring the pre-development hydrology, many LID structures provide 
water quality enhancement by treating water and thus reducing nutrients, metals, and thermal 
pollution concentrations.  
A total of three LID scenarios were created and implemented in the HEC-HMS and GSSHA 
models. The scenarios assumed that a total of 5%, 10% and 15% of the sub-basins areas would be 
retrofitted or implement LID controls that allow infiltration. To represent infiltration BMPs, the 
parameters were changed in the HEC-HMS models. The altered flows were than inserted into 
HEC-RAS 1D and 2D to estimate the impacts on the flood waves and in the bridges, as well as, 
on the roads within flooded areas. In addition to the parameter change, an initial storage was 
inserted in the model. The infiltration BMP characteristics are listed on Table 8. The parameters 
values were obtained from (47). The percentage of impervious of each sub-basin was updated. The 
new imperviousness was calculated with Equation 4, assuming that the LID practices are inserted 
uniformly in the subbasins. This approach considers that the LIDs are placed uniformly between 
pervious and impervious area.  The surface storage was calculated by multiplying the surface 
storage by the percentage of LID placed. 
𝐼𝐼𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷 = 𝐼𝐼𝐼𝐼𝐼𝐼(1 − 𝑓𝑓𝐿𝐿𝐿𝐿𝐷𝐷) [4] 
where 𝐼𝐼𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷 is the updated imperviousness, 𝐼𝐼𝐼𝐼𝐼𝐼 is the original calibrated imperviousness and 
𝑓𝑓𝐿𝐿𝐿𝐿𝐷𝐷 is the fraction of modeled LID scenario (0.05, 0.1 and 0.15).  
Table 8. Adopted low impact development parameters. 
Parameter Value 
Hydraulic conductivity (cm/hr) 0.43 
Suction Head (cm) 11.00 
Porosity 0.40 
Residual Saturation 0.04 
Initial Moisture 0.35 
Surface Storage (cm) 30 
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4.7. Floodplain Widening 
Floodplain widening was analyzed in the upper San Antonio critical area (Figure 12). This 
technique was not evaluated in Leon Creek area as the analyzed area is mostly natural at its 
surroundings. The San Pedro creek and San Antonio River cross-sections were altered from a 
natural to a rectangular cross section in HEC-RAS 1D. Due to the lack of space in the surrounding 
area to expand the rivers width, we maintained their original depth and distance between river 
banks (example in Figure 13). A rectangular shape has the maximum cross-sectional area, 
therefore this configuration is the optimum option in this limited urbanized area.  
 
Figure 13. River cross-section modification. 
The DEM terrain was also modified to access floodplain widening impacts with HEC-RAS 2D. 
The original river characteristics was replaced by a rectangular shaped channel (see Figure 14(b)). 
The Manning’s roughness of the river was set as 0.011 s/m1/3 to represent a smooth concrete 
channel. 
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Figure 14. Flood plain terrain modification. 
4.8. Olmos Dam Modification 
The existing Olmos Dam (described in Subsection 4.1) was modified to analyze its ability to 
mitigate the impacts of climate change. We have simulated an increase on its crest to enhance its 
storage and prevent overflow with a 500-year storm. First, we have identified the extent of flood 
plain for water surface elevation of 222, 223, 225 and 227 m and what would be the affected land. 
This investigation was used to determine where embankments should be constructed to protect the 
surrounding area.  
The discharge-elevation and the storage elevation curves (Figure 5) were modified in HEC-HMS. 
The increase in the storage was estimated by multiplying the maximum area within the 
embankments by the elevation. The discharge in the gates was extrapolated considering a linear 
relation between discharge and water surface elevation. The modified curves are shown in Figure 
15.  
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Figure 15. Storage and discharge improvement of Olmos Dam. 
The simulation in HEC-HMS were performed with 100-year and 500-year storm with current and 
near future (RCP. 4.5) climate conditions. The effect of this modification on water level at the 
target bridges and on the floodplains was evaluated though HEC-RAS 1D and 2D respectively.  
4.9. Levees 
The minimum elevation of levees and their location were calculated for the 100-year storm in the 
near future with the climate conditions projected for RCP 4.5. The levees height for 100-year storm 
is required by FEMA for Special Flood Hazard Areas. Mobile barriers need to be installed to 
connect the levees between the bridges where necessary, as fixed levees may not be installed in 
these places. Therefore, traffic in such bridges should be ceased during the superstorms events. 
The bridges to be closed, where these barriers would be placed, was indicated by HEC-RAS 1D, 
described in Subsection 4.4.2. 
The HEC-RAS 2D model was used to estimate the levees height along the river sides. The terrain 
was modified with barriers along the riversides with extreme heights to guarantee that no overflow 
would occur. Then the 100-year storm was simulated in this terrain to estimate the water surface 
elevation along the reach in four profiles (Figure 16). The levees elevation was set to be the same 
as the water surface elevation where it is higher than the ground elevation. Finally, the terrain was 
modified to include the levees. The 500-year storm flooding was tested with this configuration 
with the HEC-RAS 2D model. Levees were tested only in Upper San Antonio Watershed, as the 
area in Leon Creek is very low urbanized and the protection would be minimum. 
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Figure 16. Profiles for levees estimation. 
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5. ANALYSIS AND FINDINGS 
This section presents the main analysis and results and it is divided into ten main sub-sections. 
First, the climate change projections are analyzed and the error of these projections are quantified. 
Then, Subsection 5.2 presents new IDF curves calculated for the near, middle and far future. 
Subsection 5.3 describes the performance of the developed hydrologic models. With the models 
successfully calibrated and validated, analysis begins by showing how floodplains are affected and 
how they differ from FEMA maps (Subsection 5.4). Subsequently, the impacts of climate change 
are assessed in terms of increased peak flows on Subsection 5.5, and how bridges would be affected 
on Subsection 5.6, and how much area and extended roads would flood on Subsection 5.7. The 
following subsections (Subsections 5.8–5.10) include results of flood mitigation scenarios, such 
as implementation of LID, channel widening and use of levees.   
5.1. Climate Change Projections  
The climate change models were compared with historic observations from the period of 1975 to 
1999. Figure 17 presents the relative error of the models for four metrics: maximum rainfall depth 
(Max), 99th, 95th and 90th percentiles (P99, P95 and P90, respectively), and the number of wet days 
(NWet). The metric Max is the index with highest error, whose median prediction underestimates 
in more than 40%, indicating that projections generated by GCMs are under predicting very rainy 
days. The GCMs downscaled by LOCA had more proximity to the observed, but also presented 
higher variation possibly due to the greatest number of models. The metrics P99, P95 and P90, 
however, proved to be more accurate than the maximum rainfall depth estimate and in general had 
the third quartile of the models matched the observed rain record. A relative high number of models 
still under predicts these five metrics, with some model generating errors near 20%. On the other 
hand, some models also show errors around 20% of over-prediction with respect to the observed 
rainfall time series of the region.  
 
Figure 17. Relative error of maximum rainfall depth (Max), 99th, 95th and 90th percentiles (P99, P95 and P90), and the 
number of wet days (NWet). 
To assess a band of uncertainty in terms of intensity for different durations, IDF curves using 51 
GCM models for the historic period of 1950 to 1975 were generated. Figure 18 shows the predicted 
IDFs from all the 51 models for the 100-year return period and from the Texas Department of 
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Transportation (TxDOT), developed by USGS as shown in Figure 3. The errors discussed in Figure 
17 seems to have propagated to the generated IDFs. The TxDOT and USGS IDFs are closer to the 
third quartile of projections for 1 day of duration or below. This IDF is close to the median for 
rainfall duration of 2 days, and lower for longer durations. (48) found that the choice of the 
historical period to adjust the bias correction can be a great source of uncertainty. Here we have 
used only one period (1950-1975) and might be relevant to test the calibration of the bias correction 
in multiple periods.  
 
Figure 18. IDF generation from the GCMs and from TxDOT for 100 years (top) and 500 years (bottom) return period for 
the historic validation period (1975 – 1999). 
5.2. Future IDFs 
The estimated IDF curves for the future periods (near, medium and far future) for the 100- and 
500-year storms for both RCP 4.5 and 8.5 scenarios are shown in the Figures 19 to 22. The results 
show a clear increase in the rainfall intensity caused by climate change, especially for the farther 
future. Similar results were also observed by (49). RCP 4.5 scenario had greater intensities when 
compared to RCP 8.5 for 100-year storm. For 500-year, RCP 8.5 present more intense rainfall for 
durations shorter than 1 day. The intensities for durations below or equal one day were below the 
third quartile of all projections and durations above or equal 2 days were usually below the 1st 
quartile. Therefore, these figures suggest that the intensity might increase for all duration of storms 
with 100- and 500-year return period.  
Figure 23 shows the standard deviation in percentage of the mean (relative standard error to the 
mean), for RCPs 4.5 (a) and 8.5 (b) for 1 and 7 days of rainfall duration. It shows that the 
discrepancy between the models are greater for the farther future, except for duration of one day 
under RCP 4.5 scenario. The figure shows that the relative standard error is greater for lower 
durations, in agreement with the results found by (15, 50).  Surprisingly, this error was greater in 
the historical period than some future ones (e.g. RCP 4.5 intensities for duration of 1 day). The 
uncertainty increases with return period, also found by (51), showing how the target superstorm 
events are harder to project. 
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Figure 19. IDF curves for the 100-year return period for RCP 4.5 for 2025-2049 (top), 2050-2074 (mid) and 2075-2099 
(bottom). 
 
Figure 20. IDF curves for the 100-year return period for RCP 8.5 for 2025-2049 (top), 2050-2074 (mid) and 2075-2099 
(bottom). 
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Figure 21. IDF curves for the 500-year return period for RCP 4.5 for 2025-2049 (top), 2050-2074 (mid) and 2075-2099 
(bottom). 
 
Figure 22. IDF curves for the 500-year return period for RCP 8.5 for 2025-2049 (top), 2050-2074 (mid) and 2075-2099 
(bottom). 
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 (a)  (b) 
Figure 23. Relative standard error for RCPs 4.5 (a) and 8.5 (b). 
The 3rd quartile was used to simulate future conditions, as it was closer to the historical IDF on 
bias-correction validation. The intensity values used on simulations are shown in Table 9. 
Table 9. Average intensities (in/hr) used on simulations for a duration of 24 hrs. 
  Historical   RCP 4.5   RCP 4.5  
  USGS 2025-2049 2050-2075 2075-2099 2025-2049 2050-2075 2075-2099 
100-year 0.45 0.63 0.52 0.62 0.47 0.59 0.58 
500-year 0.60 1.16 0.77 1.14 0.69 1.00 0.96 
5.3. Performance of the Hydrologic Models 
The calibrated land use parameters for GSSHA are shown in Table 10. This table shows that the 
roughness of the developed grids had to be greatly reduced to properly represent the flow 
conveyance. Tables 11 and 12 are the calibrated soil parameters for Leon Creek and Upper San 
Antonio, respectively. The bedrock hydraulic conductivity was significantly reduced in Leon 
Creek, but still in the limits suggested by (42). 
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Table 10. Calibrated land use parameters. 
 Roughness (s/m1/3)  Impervious Area (%)  
Land Use Leon Creek 
Upper San 
Antonio Leon Creek 
Upper San 
Antonio 
Open Water 0.008 0.009 99.99 99.99 
Developed, Open Space 0.008 0.009 47.0 29.0 
Developed, Low Intensity 0.007 0.008 75.0 49.0 
Developed, Medium Intensity 0.006 0.007 84.0 82.0 
Developed, High Intensity 0.006 0.007 92.0 91.0 
Barren Land 
(Rock/Sand/Clay) 0.04 0.4 9.0 4.0 
Deciduous Forest 0.29 0.4 7.0 3.0 
Evergreen Forest 0.15 0.42 5.0 3.0 
Mixed Forest 0.16 0.42 6.0 3.0 
Shrub/Scrub 0.19 0.32 9.0 3.0 
Grassland/Herbaceous 0.13 0.41 6.0 3.0 
Pasture/Hay 0.12 0.41 4.0 3.0 
Cultivated Crops 0.09 0.41 4.0 3.0 
Woody Wetlands 0.13 0.41 4.0 3.0 
 
Table 11. Calibrated soil parameters for Leon Creek. 
Soil 
Hydraulic 
Conductivity 
(cm/hr) 
Suction 
Head (cm) 
Total 
Porosity 
(cm3/cm3) 
Effective 
Porosity 
(cm3/cm3) 
Residual 
Saturation 
(cm3/cm3) 
Field 
Capacity 
Saturation 
(cm3/cm3) 
Wilting 
Point 
Saturation 
(cm3/cm3) 
Bedrock 0.001 0.8 0.06 0.05 0.01 0.01 0.004 
Clay 0.018 22.63 0.48 0.39 0.09 0.40 0.27 
Clay loam 0.079 18.08 0.46 0.39 0.08 0.32 0.20 
Fine sandy loam 0.71 10.15 0.45 0.41 0.04 0.21 0.10 
Gravelly clay loam 0.09 16.9 0.46 0.39 0.08 0.32 0.20 
Loam 0.043 6.89 0.46 0.43 0.03 0.27 0.12 
Sandy clay 0.037 19.9 0.43 0.32 0.11 0.34 0.24 
Silty clay 0.031 24.22 0.48 0.42 0.06 0.39 0.25 
Variable 0.19 12.2 0.42 0.36 0.06 0.28 0.17 
Very gravelly loam 0.43 7.1 0.46 0.43 0.03 0.27 0.12 
   
 
33 
Table 12. Calibrated soil parameters for Upper San Antonio. 
Soil 
Hydraulic 
Conductivity 
(cm/hr) 
Suction 
Head 
(cm) 
Total 
Porosity 
(cm3/cm3) 
Effective 
Porosity 
(cm3/cm3) 
Residual 
Saturation 
(cm3/cm3) 
Field 
Capacity 
Saturation 
(cm3/cm3) 
Wilting 
Point 
Saturation 
(cm3/cm3) 
Bedrock 0.008 0.71 0.06 0.05 0.01 0.01 0.004 
Clay 0.027 31.63 0.48 0.39 0.09 0.40 0.27 
Clay loam 0.09 20.88 0.46 0.39 0.08 0.32 0.20 
Fine sandy loam 0.88 8.95 0.45 0.41 0.04 0.21 0.10 
Gravelly clay loam 0.07 18.9 0.46 0.39 0.08 0.32 0.20 
Loam 0.34 8.89 0.46 0.43 0.03 0.27 0.12 
Sandy clay 0.05 23.9 0.43 0.32 0.11 0.34 0.24 
Silty clay 0.028 29.22 0.48 0.42 0.06 0.39 0.25 
Variable 0.18 15 0.42 0.36 0.06 0.28 0.17 
Very gravelly loam 0.42 6.5 0.46 0.43 0.03 0.27 0.12 
 
The ability of the developed models to predict observed storm events was tested and the results 
are presented next. Figure 24 shows the hydrographs for Upper San Antonio watershed and Table 
13 contains the goodness-of-fit metrics of the models: peak flow error, volume error, Nash-Sutcliff 
Efficiency (NSE) and coefficient of determination (R2).  We observe that the predicted peak flows 
are well represented by the models. GSSHA tends to have a faster peak than HEC-HMS, which in 
turn has its peak occurring earlier than the observed.  
The values of NSE and R2 greater than 0.5 can be consider satisfactory according to (52–54). Most 
of the R2 are above 0.5, except for the GSSHA model of event 5. NSE, however, shows poorer 
results and the reason is the timing of the peak. Efforts to match the timing were performed, but 
the difference in peak or in volume would be greater. The primary aim of the calibration in this 
study was to match the peak values, as it has the greatest effects on floodplains. One potential 
explanation of the difficulties in matching the times of the peaks are the rainfall radar time 
resolution, which is coarser than in the model run time steps. GSSHA simulations typically 
generated peaks earlier than HEC-HMS, indicating that overland flow velocity is high. In general, 
the model tends to over predict the total volume; however, the peak flow values seems to not have 
a well defined bias, with some events over-predicting and other events under-predicting. 
The calibration for Leon Creek watershed was performed using the largest rainfall event, which 
can be seen in Figure 24. The calibration using other events were not successful, producing 
significant errors in volume and peak. The models presented acceptable R2 and NSE values. HEC-
HMS over estimated the peak in 11% and underestimated the volume in 22%. On the other hand, 
GSSHA model underestimated the peak in 21.9%, with a volume 8.8% higher than the observed. 
The five events used in validation are showed an overestimation of both models, that did not 
represent the observed hydrograph. 
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Figure 24. Predicted and observed hydrographs for Upper San Antonio watershed. 
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Table 13. HEC-HMS and GSSHA goodness-of-fit metrics (peak flow error, error in volume, NSE and R2). 
  HEC-HMS    GSSHA   
Events Peak (%) Volume (%) NSE R2 Peak (%) Volume (%) NSE R2 
1 -6.26 22.08 0.67 0.72 -17.96 26.29 0.63 0.66 
2 -0.5 60.3 0.56 0.80 -9.3 20.4 0.69 0.54 
3 22.6 80.4 0.55 0.91 19.1 103.8 0.51 0.77 
4 -22.8 36.7 0.59 0.66 -20.1 48.9 0.51 0.62 
5 22.3 86.3 -0.14 0.65 11.5 79.9 -0.35 0.33 
6 10.1 99.5 -0.10 0.66 -4.0 31.8 0.49 0.61 
 
 
Figure 25. Calibrated hydrograph during rain Event 1 for Leon Creek watershed. 
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Figure 26. Validation hydrographs for Leon Creek. 
The observed runoff coefficient was calculated for each of the five events, showed in Figure 27. 
The runoff coefficient was calculated using radar data at a middle location of the Leon Creek 
Watershed. This figure shows that the runoff coefficient of Event 1 is significantly higher than the 
other events, which can explain failure of the models to reproduce the observed hydrograph. The 
reason is possibly the radar rainfall estimation, which could be affected by the more irregular 
elevation of this watershed when compared to Upper San Antonio. 
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Figure 27. Radar data location and runoff coefficients of the six rain events. 
5.4. Watershed Scale Floodplain Analysis 
This section presents a visual and comparative analysis of the floodplain generated by GSSHA 
and the floodplains published by FEMA for the entire extension of the selected watersheds. Figure 
28 shows the entire flood map for GSSHA for a storm of 100-year return period in Leon Creek 
and Upper San Antonio with 0.1m depth or higher. Figure 29 to 34 are zooms to critical points 
related to the transportation infrastructure in San Antonio. These are compared to FEMA 
prediction flood of 1% frequency (100-year return period).  
5.4.1. GSSHA 
The GSSHA model typically presented wider floodplains in some areas (and some isolated flood 
points) that did not occur in FEMA’s map. The GSSHA model also flooded the golf field near the 
Olmos Dam, which did not occur with FEMA’s results (Figure 34). The areas however area similar 
and both floodplains indicate the same flooded points at the major highways. The comparison of 
flood maps shows that there is an agreement between FEMA and the GSSHA model prediction of 
1% chance of flood. It indicates that the model is suitable to project future climate change impacts. 
The wider flooded area resulted from GSSHA is due to its coarser resolution, indicating that higher 
resolutions models are required. Higher resolution modeling, however, comes with a significant 
increase of computational effort. 
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Figure 28. Floodplains in Leon Creek (a) and Upper San Antonio (b) watersheds generated by GSSHA (Note: GSSHA 
results are too coarse to identify flood risk areas.) 
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Figure 29. Comparison between (a) FEMA and (b) GSSHA floodplains in area L1. (Note: GSSHA results are too coarse to 
identify flood risk areas). 
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Figure 30. Comparison between (a) FEMA and (b) GSSHA floodplains in area L2. (Note: GSSHA results are too coarse to 
identify flood risk areas). 
 
Figure 31. Comparison between (a) FEMA and (b) GSSHA floodplains in area L3. (Note: GSSHA results are too coarse to 
identify flood risk areas). 
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Figure 32. Comparison between (a) FEMA and (b) GSSHA floodplains in area S1. (Note: GSSHA results are too coarse to 
identify flood risk areas). 
 
Figure 33. Comparison between (a) FEMA and (b) GSSHA floodplains in area S2. (Note: GSSHA results are too coarse to 
identify flood risk areas). 
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Figure 34. Comparison between (a) FEMA and (b) GSSHA floodplains in area S3. (Note: GSSHA results are too coarse to 
identify flood risk areas). 
5.4.2. HEC-RAS 2D 
The results with HEC-RAS 2D model presented more consistent results in Upper San Antonio 
(Figure 35). The HEC-RAS 2D presented larger floodplains in San Pedro Creek and lower on San 
Antonio River when compared to FEMA. The major difference is the flooded area south of the I-
10. This is a low depression area that is likely to be flooded when the river overflows. Figure 36 
details de flood area highlighted in Figure 35. It can be seen how the high resolution DEM 
contributes to a precise floodplain generation. The floodplain generated for Leon Creek is 
significantly overestimating the flood extent. This is probably due to the poor calibration of HEC-
HMS in Leon Creek.  
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Figure 35. Comparison between (a) FEMA and (b) HEC-RAS2 2D in Upper San Antonio. 
 
Figure 36. Detailed floodplain in high resolution DEM.  
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Figure 37. Comparison between (a) FEMA and (b) HEC-RAS2 2D in Leon Creek Watershed. 
5.5. Future Peak Flows, Flooded Areas and Roads 
The change in peak flows, flooded areas and roads caused by climate change is analyzed next. 
Figure 38 and Figure 39 shows the projected peak flows generated by the HEC-HMS for Upper 
San Antonio River and Leon Creek watersheds, respectively. Peaks generated with 1st quartile 
precipitation is always lower in the future when compared to present estimations. The peaks with 
the 1st quartile and median precipitation tend to increase in the future. The peak flows with the 3rd 
quartile, which better match historic conditions are shown in the section 5.2, varies with climate 
scenario. The RCP 4.5 scenario presented the highest peak in the near future, while the RCP 8.5 is 
more critical between 2050 and 2074. The uncertainties, measured as the difference between the 
1st and 3rd quartiles, of RCP 4.5 are larger than RCP 8.5. These observations are valid for both 100- 
and 500-years storms.  
The impacts of flooding caused by the 3rd quartile precipitation was evaluated for entire Upper San 
Antonio and Leon Creek watershed with GSSHA (Tables 14 and 15). The results show that this 
precipitation can generate greater floodplains with 1% frequency in the future than 0.2% 
probability in present days, except for the period of 2050-2074 under RCP 4.5 and 2025-2049 RCP 
8.5. These results show how climate change can increase the impacts of floods in transportation 
infrastructure, especially the near future under RCP4.5 scenario.  
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Figure 38. Peak flow projections generated by HEC-HMS models in the Upper San Antonio watershed. 
 
Figure 39. Peak flow projections generated by HEC-HMS models in the Leon Creek watershed. 
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Table 14. Flooded area and length of roads for the 100 and 500 years return period in Upper San Antonio watershed. 
  100-Year Storm   500-Year Storm   
Scenario Period Flooded Area (km2) 
Flooded Roads 
(km) 
Flooded Area 
(km2) 
Flooded Roads 
(km) 
 Historical 33.4 231 38.1 266 
 2025-2049 40.4 283 55.0 419 
RCP 4.5 2050-2074 36.2 250 45.3 329 
 2075-2099 40.2 282 54.5 414 
 2025-2049 34.1 235 43.1 309 
RCP 8.5 2050-2074 39.3 273 51.3 384 
 2075-2099 38.8 270 52.5 379 
Table 15. Flooded area and length of roads for the 100 and 500 years return period in the Leon Creek watershed. 
  100-Year Storm   500-Year Storm   
Scenario Period Flooded Area (km2) 
Flooded Roads 
(km) 
Flooded Area 
(km2) 
Flooded Roads 
(km) 
 Historical 83.6 241 93.4 277 
 2025-2049 101.6 311 142.1 504 
RCP 4.5 2050-2074 90.7 267 114.0 364 
 2075-2099 101.2 310 140.6 497 
 2025-2049 85.1 247 107.4 336 
RCP 8.5 2050-2074 98.6 299 131.2 447 
 2075-2099 97.5 294 128.8 434 
 
Figure 40 and Figure 41 shows the percentage increase of flooded area and roads compared to 
present probability of 100- and 500-year storms. The figures shows that the increase in flooded 
road varies with flooded area.  In general, the percentage increase on flooded is greater than in 
flooded area. The exception are lower increases in flooded area that reach smaller extent of flooded 
roads, observed during mid future (RCP 4.5) and near future (RCP 8.5) in Upper San Antonio. The 
relative change in flooded area and roads are greater for 500-year return period storm. This is 
related to the greater difference on 500-year storm compared to the 100-year. The increase in 
flooded area and flooded roads is greater in Leon Creek, which can have an increase of more than 
80% in flooded roads in the near future under RCP 4.5. 
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Figure 40. Projected flooded area and roads extent relative to present conditions in Upper San Antonio watershed. 
 
Figure 41. Projection of flooded area and roads extent relative to present conditions in Leon Creek watershed. 
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Upper San Antonio is more urbanized and has a higher density of roads, as Figure 42 shows. The 
extent of flooded roads per flooded area in Upper San Antonio watershed is twice higher than Leon 
Creek. Figure 42 shows that the relationship between flooded roads and the percentage of 
watershed that is flooded is linear. The slope of the trendline in Upper San Antonio is higher, 
which means that the increase in flooded area is more significant to transportation infrastructure. 
These findings show that the more developed the watershed is, the greater is the impact of floods 
on transportation infrastructure. The reason that Leon creek presented a higher increase in flooded 
roads is due to larger increase area in flooded areas. This figure shows that the difference between 
the maximum and minimum percentages of flooded area is greater in Leon Creek.  
 
Figure 42. Relationship between relative flooded area (%) and flooded roads extension (km/flooded km²). 
5.6. HEC-RAS 1D Analysis on Bridges 
This section presents an analysis of the impact of the increase of flooding caused by climate change 
on a selected number of bridges in the Upper San Antonio River and Leon Creek watershed. The 
analysis was performed using HEC-RAS 1D model. Figure 43, Figure 44 and Figure 45 present 
the analysis made with HEC-RAS for the bridges located in the target area for Leon Creek (Figure 
7), San Antonio River and San Pedro Creek (Figure 8). This chart shows the depth of water relative 
to the bottom of the bridged deck. Positive values mean that the flood wave is above the bridge 
bottom and therefore is flooding. In Leon Creek, the seven bridges that are located upstream are 
already vulnerable to the current 100- and 500-year storms, including the bridge on IH-35 south 
and its access roads. South West Loop 410 and the State Highway 16 would not be affected by 
flood with current extreme rainfall frequency. However, the near future projection indicates that 
the two roads can be affected by floods with 100- and 500-year storms. The greatest difference is 
observed for HEC-RAS simulation of 500-year water level, that can reach over 4m above State 
Highway 16.  
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Figure 43. Depth of water above bottom of bridges at Leon Creek for the 100- and 500- year storms for historical and near 
future conditions (RCP 4.5). 
In the San Antonio River, most of the bridges are safe against flood events with those two storms, 
except for Lone Star Boulevard with the 500-year. The projected near future 100-year storm will 
affect the Lone Star Boulevard bridge if compared to current conditions. The future 500-year 
storm, however, is likely to flood all bridges within the studied area according to the HEC-RAS 
1D results. Bridges in San Pedro Creek are more susceptible to flooding when compared to the 
ones analyzed in San Antonio River and in Leon Creek. All the bridges all likely to be flooded 
with current 500-year storm and four out of five in the 100-year case. All the bridges in the area 
can be affected by project future floods. Of the 20 bridges evaluated in two regions, 9 and 5 bridges 
were not subjected to flooding under current condition if subjected to the 100- and 500-year storms. 
In the near future, only 5 bridges were safe with 100-year storm and all bridges are likely to flood 
with 500-year storm.  
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Figure 44. Depth of water above bottom of bridges at Upper San Antonio river for the 100- and 500- year storms for 
historical and near future conditions (RCP 4.5). 
 
Figure 45. Depth of water above bottom of bridges at San Pedro Creek for the 100- and 500- year storms for historical and 
near future conditions (RCP 4.5). 
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5.7. HEC-RAS 2D Analysis  
The extent of flooded roads was higher in Leon Creek than in Upper San Antonio due to a larger 
floodplain that reached closed highway (Table 16). The roads in this area of Leon Creek are 
concentrated in limited areas and increase in flooded area can not effect any roads. This is showed 
on the equal extent of flooded roads in near future (RCP 4.5, 100-year storm) and historical (500-
year storm) with different flooded area.  
Table 16. HEC-RAS 2D analysis on flooded area and roads. 
  Leon Creek  Upper San Antonio  
Design 
Storm Period 
Flooded Area 
(km2) 
Flooded 
Roads (km) 
Flooded Area 
(km2) 
Flooded 
Roads (km) 
100-year Historical 35.21 57.03 0.62 5.00 
 Near Future 4.5 37.06 57.81 0.80 10.06 
500-year Historical 37.02 57.81 0.98 7.58 
 Near Future 4.5 49.40 72.06 2.25 29.33 
 
This larger open space in the Leon Creek watershed resulted in larger increases in flooded area 
than roads, as Figure 46 demonstrates. The Upper San Antonio is more urbanized as has a larger 
roads grids around the rivers. Increase in flooded area in this watershed, in this particular region, 
had larger impact on the transportation infrastructure. This figure also shows that the extent of 
flooded area is significantly higher in Upper San Antonio, specially from the 500-year storm. The 
affected roads with current conditions and with climate change can be observed in figures 40 and 
41.  
 
Figure 46. Projection of flooded area and roads extent with HEC-RAS 2D.  
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Figure 47. Affected roads modeled with HEC-RAS 2D in Upper San Antonio with 100-year (left) and 500-year storm. 
 
Figure 48. Affected roads modeled with HEC-RAS 2D in Leon Creek with 100-year (left) and 500-year storm.  
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5.8. LID Implementation Scenarios 
The potential benefits of implementing LID stormwater controls in a watershed scale were 
assessed for the San Antonio River, Leon Creek, San Pedro Creek and the Apache Creek, which 
is a tributary of the Upper San Antonio River. This analysis evaluated the relative reduction of 
peak flow with respect to the historical 100-year and 500-year return period storms for three 
scenarios of LID implementation (5, 10 and 15% of LID in each sub-basins) (Figure 49). The 
results indicate that the peak reduction is less effective for the 500-year storm, which remains 
almost constant in San Antonio River and San Pedro Creek. Even with 15% of the area occupied 
by LID, all peaks were still more than the double than the peak generated with current 500-year 
storm. The peak reduction is more significant for 100-year storm, as this generates lower runoff 
that have greater capacity to be retained by LIDs. Peaks at San Antonio River and Leon Creek 
presented the greatest reduction of more than 10% the relative increase in peak by climate changes.  
However, the scenario with 15% LID occupation still have all the peaks more than 27% greater 
than it was predicted with todays’ conditions. 
(55) analyzed the efficiency of LIDs in reducing peak flows in a 0.58 km2 urban watershed and 
how it is influenced by intensity and duration. They modified the CN in the watershed to represent 
the LID placement. Their results showed that the structures can significantly reduce peak flows 
for less intense (2 years of return period) and longer rainfalls (up to 72% reduction). Their results 
also showed that LID performed poorly for heavier storms, with no more than 20.2% peak 
reduction for 100-year storm. (47) modeled LID performance in a 0.26 km2 watershed using 
GSSHA. They increased the storage and infiltration of the grids where a LID was supposed to be 
located. Their results also showed that peak reduction is dependent on intensity. While the 2-year 
storm reached 25% in peak reduction, the 100-year presented a maximum reduction of 9.4%. 
However, the lower reduction was observed for a 50-year storm with a maximum of 5.5%. The 
reason might be a more realistic representation of LID placement when compared to (55) and this 
report. Grid representation can catch the influence of one LID into another, which might decrease 
the overall capacity under certain circumstances. 
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Figure 49. Peak flow reduction for different levels of LID implementation for the 100- and 500-year return period storms. 
The effectiveness of peak flow reduction is depicted in Figures 50, 51 and 52 in the bridges at San 
Antonio River, San Pedro Creek and Leon Creek, respectively. The flood depth in bridges decline 
in most cases for LID scenarios simulations. This approach was not enough to convert climate 
change impacts on the transportation infrastructure in San Pedro Creek and San Antonio River. 
However, the application of LID scenarios can reduce the water level below bridge elevation for 
SW Loop 410 (LC 8) and State Highway 16 (LC9) at Leon Creek (Figure 52) for the 100-year 
storm. 
LID application scenarios showed that this method is less efficient in mitigating climate change 
impacts from floods generated by super storms when compared to other methods (described in the 
following sections). Simulations were taken in HEC-HMS to predict the percentage the watershed 
to be composed of LID to reduce to peak to its current condition for 100-year storm in Leon Creek 
and San Antonio River downstream to San Pedro Creek. It is estimated that a total of 22% of the 
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area in Leon Creek and 37% in Upper San Antonio would be required to be transformed into LID 
practices so the climate change effects are minimized. These percentages are high and might be 
difficult to be applied due to the large area of the watersheds, particularly because of high costs of 
retrofitting and operating LID controls (47, 56). 
 
Figure 50. LID scenarios effects on bridges at San Antonio River. 
 
Figure 51. LID scenarios effects on bridges at San Pedro Creek. 
   
 
56 
 
Figure 52. LID scenarios effects on bridges at Leon Creek. 
5.9. Channel Widening 
Widening the main channel can help protect all bridges from 100-year storm in the near future 
RCP 4.5, except for Furnish Street at San Pedro Creek (Figures 53 and 54). HEC-RAS 1D results 
show that this channel widening reduces the water level at all bridges for the 100-year storm. 
However, the bridges were still underwater with the 500-year storm in the near future RCP 4.5. In 
this case, channelizing the streams increases the water level at downstream bridges. The reason is 
that this configuration increases the flow capacity due to the larger cross-sectional area and lower 
roughness. Therefore, the water accumulation downstream can be intensified consequently. The 
major benefits are observed in the bridges the middle of the channel modification (e.g. SA3 and 
SP2).  
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Figure 53. Channel widening benefits on bridges at San Antonio River. 
 
Figure 54. Bridge widening impacts on bridges at San Pedro Creek. 
HEC-RAS 2D results show that the flooded area and roads can be significantly reduced, as shown 
in Table 17. This reduction approximates the extent of flooded area and roads to its current 
condition for the 100-year storm, as presented in Figure 55. This figure also shows that the 500-
year floodplain in the near future RCP 4.5 continued to be considerably higher than its current 
conditions.  
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Table 17. Comparison between flooded area and roads with current and modified channel. 
Design Storm Scenario Flooded Area (km2) Flooded Roads (km) 
100-year Near Future 4.5 0.80 7.58 
 Modified Channel 100-year 0.65 5.10 
500-year Near Future 4.5 2.25 29.33 
 Modified Channel 500-year 1.62 19.28 
 
The comparison between the affected roads with current condition streams and flood widening is 
shown in Figure 56. This measurement shows the substantial decrease in flooded roads discussed 
in Figure 55. The poorer effectiveness of channelization in downstream area for 500-year storm is 
also observed in the flooded roads, where there was little reduction on the affected roads.  
 
Figure 55. Flood widening impacts flooded area and roads. 
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Figure 56. Map of flooded roads with and without channelization. 
5.10. Olmos Dam Modification 
In this analysis, a scenario where the storage capacity of the Olmos Dam is enhanced. The first 
step was to analyze how much area surrounding the dam would be affected when the crest height 
is elevated. The flooded area with a crest elevation of 222m is mainly the green area reserved to 
the Olmos Dam (Figure 57(a)). Roads surrounding this area would be flooded if the crest is 
increased to 223m as Figure 57(b) shows. The flooded area in Olmos Dam would affected 
surrounding neighborhood with a crest elevation of 225m and 227m, in Figures 57(c) and 57(d) 
respectively. Therefore, the increase on the Olmos Dam’s crest was here simulated by considering 
the construction of an embankment to restrict the floodplain to the 222m extent.  
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Figure 57. Flood extent with 222m (a) 223m (b) 225m(c) and 227m (d) Olmos Dam's crest. 
The peak flow reduction and the maximum elevation reached during a 100-year and 500-year 
storms are presented in Table 18. Results show that elevating the crest can significantly reduce the 
events that caused overflow in the system. This configuration reduced the 500-year peak in the 
near future almost to its current conditions. However, it would be necessary to increase the Dam’s 
crest in more than 5m. The future 500-year peak with the modified dam is still higher than the one 
generated with historical records, even the simulation showing that the Olmos Dam overflowed by 
10cm. The reason is the greater hydraulic pressure increasing the flow through the gates.  
Table 18. Comparison of peaks and water surface elevation with current and modified Olmos Dam. 
  Existing   Modified   
Period Design Storm 
Outflow 
(m³/s) 
Max. Elevation 
(m) 
Outflow 
(m³/s) 
Max. Elevation 
(m) 
Historical 100-year 32.3 221.3 32.3 221.3 
 500-year 133.3 222.0 47.9 222.3 
Near Future  100-year 370.1 222.3 63.7 223.3 
(RCP 4.5) 500-year 1490.8 223.4 133.4 227.5 
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Simulation on HEC-RAS 1D and 2D were conducted to verify how this modification could 
contribute to reduce climate change impacts on the transportation infrastructure. The results 
showed no difference in the water surface elevation on bridges and in flooded area and roads, even 
with the reduction on the Dam’s outflow.  
The Dam’s outflow was still lower than the peak resulted from other areas where San Pedro Creek 
reaches the San Antonio River during the 100-year storm (see Figure 57). Therefore, the peak 
reduction did not affect the maximum flood plain area. The peak flow from Olmos Dam was higher 
than the first peak at the confluence for the 500-year storm. However, the first peak is closer to the 
San Pedro’s, and these two combined are more significantly the area than the outflow peak from 
Olmos Dam isolated. The discharge at San Pedro Creek is much smaller when the Olmos Dam’s 
outflow peak reaches the area. These results show how delaying the peaks can be effective to flood 
control.  
 
Figure 58. Peak reduction from Olmos Dam modification.  
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5.11. Implementation of Levees 
The ground and water surface elevation in the four profiles (Figure 16) is shown in Figure 59. The 
downstream profiles (e.g. profiles 2 and 4) are more vulnerable to overflow. The difference 
between water surface and ground elevations corresponds to the levee height in the models. The 
levee indicated in profile two is exemplified in Figure 60. This figure also shows that the other 
riverside (Profile 1) do not need a levee in this same area. Figures 44 and 45 shows the bridges 
underwater with the 100-year storm, indicating the bridges where mobile barriers should be placed. 
 
Figure 59. Water surface and ground elevation at each profile. 
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Figure 60. Example of terrain modification to include levees in HEC-RAS 2D. 
The application of levees was effective in reducing the flood in Upper San Antonio for 500-year 
storm in the near future, shown in Table 19. The extent of flooded roads and area is lower for this 
storm and scenario among all flood control measurements.  
Table 19. Flooded area and roads with and without levees in Near Future RCP 4.5. 
Scenario Flooded Area (km2) Flooded Roads (km) 
No Levees 2.25 29.33 
Levees Applied 1.29 13.99 
 
The extent of flooded roads and area continued to be higher than flood from current 500-year 
storm, as presented in Figure 61. The map of affected roads in Upper San Antonio watershed is 
presented in Figure 62. This figure and Table 19 shows that the flooding in this area approximated 
to the 100-year storm in the near future with no levees (see Table 16 and Figure 42).  
 
Figure 61. Performance of levees for 500-year storm in near future RCP 4.5. 
   
 
64 
 
Figure 62. Flooded roads with a 500-year storm in near future RCP 4.5. 
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6. CONCLUSIONS 
This study analyzed 51 combinations of future projections for representative concentration 
pathways (RCP) 4.5 and 8.5 scenarios and three future periods (2025-2049, 2050-2074 and 2075-
2099) in the City of San Antonio, TX. The future projections were calibrated and validated with 
50 years of observed precipitation records. The future intensity-duration-frequency curves (IDF) 
were estimated with the generalized extreme value (GEV) method. The 1st and 3rd quartiles, 
median, minimum and maximum intensities of the projections combination were determined for 
both scenario and each period. A GSSHA, HEC-HMS, and HEC-RAS 1D and 2D models were 
built for the Leon Creek and Upper San Antonio watersheds. These models combined were used 
to evaluate climate change impacts on transportation infrastructure. Moreover, scenarios to 
mitigate climate change impacts were tested with LIDs, levees, flood widening, and Olmos Dam 
modification to enhance its capacity.  
The rainfall analysis shows that the 3rd quartile of projected IDF is closest to the one originated 
with observed precipitation. The 3rd quartile intensity is likely to increase in the future, especially 
for storms with duration longer than 1 day. The near future (2025-2049) under RCP 4.5 scenario 
presented the greatest increase in intensity.  
The historic and projected IDFs were used to generate design storms and evaluate the runoff 
generation for the 100- and 500-year return period storm. HEC-HMS model shows that discharge 
peak will increase for all future periods under both scenarios, for the 100- and 500-years storms. 
Flood projections generated by GSSHA for 100- and 500-years and future precipitation showed 
that flooded area can increase significantly. For instance, the increase in flooded roads can be more 
than 80% in near future for 500-year storm in Leon Creek watershed.   
LID implementation, Olmos Dam increased capacity, levees and channel widening mitigating 
strategies were tested to address the increase in flood impacts from climate change. Olmos Dam 
modification have shown no effectiveness in reducing the flood plains to its current conditions. 
LID implementation would only be effective with large percentages occupation in both 
watersheds, which would be very costly. Levees significantly reduced the 100-year storm 
damages. However, the 500-year flooding impact in the near future continued to be considerably 
higher than the one predicted with current conditions. None of the strategies were able to mitigate 
the climate change impact of the 500-year storm.  
The results generated here illustrate how potential climate change can impact urban watersheds 
and the transportation infrastructure. The results, also, show that climate projections uncertainties 
are still significantly high, which is also supported by many studies in the literature. Nonetheless, 
this study illustrates the need for watershed, floodplain, city and transportation officials to evaluate 
potential impacts of climate change and investigate what alternative adaptation and mitigation 
strategies can be implemented to decrease the potential risks of devastating flooding events in the 
built environment. 
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APPENDIX A: LEON CREEK CALIBRATION OF HEC-HMS 
Table A1. Calibration of the Lean Creek HEC-HMS model. 
 
 Initial Value   Calibrated  
Subbasin 
ID 
Suction Head 
(cm) 
Hydraulic 
Conductivity 
(cm/hr) 
Impervious 
Area (%) 
Suction Head 
(cm) 
Hydraulic 
Conductivity 
(cm/hr) 
Impervious 
Area (%) 
1 6.01 0.0191 12.48 7.81 0.016 2.16 
2 6.26 0.0196 3.12 8.14 0.016 0.54 
3 7.02 0.0219 7.28 9.13 0.018 1.26 
4 4.79 0.0161 11.44 6.22 0.013 1.98 
5 6.02 0.0369 57.20 7.83 0.030 29.29 
6 6.68 0.0360 57.20 8.69 0.029 29.29 
7 6.52 0.0270 61.88 8.48 0.022 31.68 
8 5.45 0.0270 67.60 7.08 0.022 34.61 
9 6.81 0.0307 71.76 8.85 0.025 36.74 
10 4.56 0.0208 1.60 5.93 0.017 0.28 
11 3.96 0.0131 61.54 5.15 0.011 31.51 
12 6.37 0.0245 71.76 8.28 0.020 36.74 
13 5.33 0.0223 70.72 6.93 0.018 36.21 
14 4.56 0.0190 69.68 5.93 0.016 35.68 
15 4.71 0.0225 57.20 6.13 0.018 29.29 
16 4.96 0.0228 58.24 6.44 0.019 29.82 
17 4.06 0.0232 51.32 5.28 0.019 26.28 
18 6.68 0.0360 65.52 8.69 0.029 33.55 
19 6.52 0.0270 1.60 8.48 0.022 0.28 
20 4.17 0.0183 59.28 5.42 0.015 30.35 
21 4.10 0.0170 1.60 5.33 0.014 0.28 
22 5.48 0.0272 54.08 7.12 0.022 27.69 
23 4.09 0.0133 67.60 5.32 0.011 34.61 
24 4.55 0.0193 59.28 5.92 0.016 30.35 
25 7.55 0.0291 59.28 9.82 0.024 30.35 
26 4.09 0.0133 61.36 5.32 0.011 31.42 
27 5.35 0.0196 58.24 6.96 0.016 29.82 
28 5.42 0.0210 44.72 7.05 0.017 7.73 
29 4.43 0.0189 67.60 5.76 0.016 34.61 
30 5.42 0.0210 67.60 7.05 0.017 34.61 
31 5.52 0.0246 1.60 7.18 0.020 0.28 
32 4.73 0.0153 59.28 6.15 0.012 30.35 
33 3.49 0.0152 60.32 4.54 0.012 30.88 
34 3.96 0.0131 43.27 5.15 0.011 7.48 
35 5.23 0.0186 58.86 6.80 0.015 30.14 
36 5.77 0.0220 67.60 7.50 0.018 34.61 
37 7.61 0.0242 62.40 9.89 0.020 31.95 
38 5.23 0.0186 41.60 6.80 0.015 7.19 
39 3.96 0.0131 57.20 5.15 0.011 29.29 
40 4.29 0.0166 76.00 5.58 0.014 38.91 
41 5.31 0.0185 64.48 6.90 0.015 33.01 
42 5.85 0.0225 69.68 7.61 0.018 35.68 
43 4.85 0.0167 65.52 6.30 0.014 33.55 
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 Initial Value   Calibrated  
Subbasin 
ID 
Suction Head 
(cm) 
Hydraulic 
Conductivity 
(cm/hr) 
Impervious 
Area (%) 
Suction Head 
(cm) 
Hydraulic 
Conductivity 
(cm/hr) 
Impervious 
Area (%) 
44 3.93 0.0150 67.60 5.11 0.012 34.61 
45 7.75 0.0230 67.60 10.07 0.019 34.61 
46 6.35 0.0197 2.08 8.26 0.016 0.36 
47 4.73 0.0153 22.88 6.15 0.012 3.95 
48 4.65 0.0168 11.44 6.04 0.014 1.98 
49 5.31 0.0185 37.44 6.90 0.015 6.47 
50 4.61 0.0149 47.84 5.99 0.012 8.27 
51 5.79 0.0182 2.08 7.52 0.015 0.36 
52 6.70 0.0208 3.12 8.71 0.017 0.54 
53 3.96 0.0131 46.80 5.15 0.011 8.09 
54 4.49 0.0146 65.52 5.84 0.012 33.55 
55 5.76 0.0198 2.08 7.49 0.162 0.36 
56 5.71 0.0203 67.60 7.43 0.017 34.61 
57 6.35 0.0197 35.36 8.26 0.016 6.11 
58 4.53 0.0160 1.60 5.89 0.013 0.28 
59 4.61 0.0149 57.20 5.99 0.012 29.29 
60 4.80 0.0155 2.08 6.24 0.013 0.36 
61 5.49 0.0174 13.52 7.13 0.014 2.34 
62 6.25 0.0194 2.08 8.12 0.016 0.36 
63 3.93 0.0150 3.12 5.11 0.012 0.54 
64 5.49 0.0227 30.16 7.14 0.019 5.21 
65 5.15 0.0191 77.60 6.70 0.016 39.73 
66 2.76 0.0116 23.92 3.59 0.009 4.13 
67 5.86 0.0348 1.60 7.62 0.028 0.28 
68 5.29 0.0220 78.00 6.88 0.018 39.94 
69 4.82 0.0162 58.24 6.26 0.013 29.82 
70 6.24 0.0211 17.68 8.11 0.017 3.06 
71 7.76 0.0452 73.60 10.09 0.037 37.68 
72 6.35 0.0013 36.40 8.26 0.001 6.29 
73 4.75 0.0158 69.68 6.18 0.013 35.68 
74 6.19 0.0193 12.48 8.04 0.016 2.16 
75 6.24 0.0211 71.22 8.11 0.017 36.46 
76 5.14 0.0170 75.93 6.68 0.014 38.88 
77 5.56 0.0223 72.55 7.23 0.018 37.15 
78 4.61 0.0149 57.20 5.99 0.012 29.29 
79 5.75 0.0013 56.16 7.48 0.001 28.75 
80 5.02 0.0357 58.24 6.53 0.029 29.82 
81 4.00 0.0186 5.20 5.20 0.015 0.90 
82 6.04 0.0369 58.24 7.85 0.030 29.82 
83 7.32 0.0284 32.94 9.52 0.023 5.69 
84 4.27 0.0184 67.60 5.55 0.015 34.61 
85 5.75 0.0250 54.08 7.48 0.020 27.69 
86 6.48 0.0417 54.08 8.42 0.034 27.69 
87 4.06 0.0201 64.96 5.27 0.016 33.26 
88 6.11 0.0315 51.12 7.94 0.026 26.17 
89 7.05 0.0951 68.54 9.17 0.078 35.09 
90 8.65 0.0507 77.79 11.24 0.042 39.83 
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 Initial Value   Calibrated  
Subbasin 
ID 
Suction Head 
(cm) 
Hydraulic 
Conductivity 
(cm/hr) 
Impervious 
Area (%) 
Suction Head 
(cm) 
Hydraulic 
Conductivity 
(cm/hr) 
Impervious 
Area (%) 
91 5.86 0.0348 59.16 7.62 0.028 30.29 
92 7.32 0.0284 69.13 9.52 0.023 35.39 
93 4.26 0.0176 31.97 5.54 0.014 5.52 
94 4.40 0.0190 54.08 5.72 0.016 27.69 
95 5.89 0.0250 43.36 7.65 0.020 7.49 
96 6.74 0.0295 53.04 8.76 0.024 27.16 
97 5.70 0.0337 54.08 7.41 0.028 27.69 
98 6.15 0.0220 40.56 8.00 0.0137 7.01 
 
  
   
 
74 
APPENDIX B: UPPER SAN ANTONIO CALIBRATION OF HEC-HMS 
Table B1. Calibration of the Upper San Antonio HEC-HMS model. 
  Initial Value   Calibrated  
Subbasin 
ID 
Suction Head 
(cm) 
Hydraulic 
Conductivity 
(cm/hr) 
Impervious 
Area (%) 
Suction Head 
(cm) 
Hydraulic 
Conductivity 
(cm/hr) 
Impervious 
Area (%) 
1 3.44 0.016 67.20 4.12 0.012 70.34 
2 2.68 0.037 57.54 3.21 0.028 50.76 
3 4.07 0.037 57.54 4.89 0.028 68.50 
4 5.19 0.047 67.20 6.23 0.036 80.00 
5 5.94 0.045 67.20 7.12 0.035 80.00 
6 5.02 0.042 64.67 6.03 0.033 76.99 
7 5.41 0.039 66.67 6.49 0.030 79.37 
8 5.61 0.040 65.91 6.74 0.030 78.46 
9 6.39 0.047 66.65 7.67 0.036 79.34 
10 8.87 0.051 67.20 10.65 0.039 80.00 
11 8.79 0.048 62.30 10.55 0.037 79.73 
12 8.89 0.048 67.20 10.67 0.037 80.00 
13 8.16 0.029 65.76 9.80 0.023 78.29 
14 7.64 0.038 65.86 9.16 0.029 78.40 
15 7.96 0.041 67.20 9.56 0.031 80.00 
16 7.63 0.041 66.91 9.16 0.031 79.65 
17 9.17 0.038 69.72 11.01 0.030 80.00 
18 6.43 0.033 67.20 7.71 0.026 80.00 
19 7.58 0.046 66.78 9.10 0.036 79.50 
20 4.27 0.041 45.31 5.13 0.032 53.94 
21 6.28 0.046 58.56 7.53 0.035 69.71 
22 6.47 0.044 61.98 7.77 0.034 73.79 
23 3.57 0.047 60.95 4.29 0.036 72.56 
24 7.42 0.037 63.95 8.90 0.029 76.13 
25 7.55 0.040 65.30 9.06 0.031 77.74 
26 8.95 0.047 67.20 10.74 0.036 80.00 
27 6.35 0.036 66.01 7.61 0.027 78.58 
28 8.79 0.040 65.86 10.55 0.031 78.40 
29 5.64 0.037 47.70 6.76 0.029 56.79 
30 4.08 0.042 25.27 4.89 0.032 30.08 
31 6.98 0.046 39.22 8.38 0.035 46.69 
32 5.51 0.048 57.22 6.62 0.037 68.12 
33 3.00 0.047 18.56 3.61 0.036 22.10 
34 3.02 0.046 0.07 3.62 0.035 70.32 
35 3.81 0.044 67.20 4.58 0.034 57.50 
36 6.72 0.047 56.00 8.07 0.036 64.30 
37 2.71 0.045 62.80 3.25 0.035 74.76 
38 3.17 0.042 65.61 3.81 0.032 78.11 
39 2.93 0.036 66.30 3.52 0.028 78.93 
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  Initial Value   Calibrated  
Subbasin 
ID 
Suction Head 
(cm) 
Hydraulic 
Conductivity 
(cm/hr) 
Impervious 
Area (%) 
Suction Head 
(cm) 
Hydraulic 
Conductivity 
(cm/hr) 
Impervious 
Area (%) 
40 3.02 0.037 66.58 3.62 0.028 79.26 
41 3.81 0.037 67.12 4.58 0.029 79.91 
42 6.72 0.048 67.07 8.07 0.037 79.84 
43 7.41 0.037 66.66 8.89 0.028 79.36 
44 3.82 0.033 66.98 4.58 0.025 79.45 
 
